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Abstract: Background: Autophagy is an extensive self-degradation process for the disposition of
cytosolic aggregated or misfolded proteins and defective organelles which executes the functions
of pro-survival and pro-death to maintain cellular homeostasis. The pathway plays essential roles
in several neurological disorders. Subarachnoid Hemorrhage (SAH) is a devastating subtype of
hemorrhagic stroke with high risk of neurological deficit and high mortality. Early brain injury
(EBI) plays a role in the poor clinical course and outcome after SAH. Recent studies have paid
attention on the role of the autophagy pathway in the development of EBI after SAH. We aim to
update the multifaceted roles of autophagy pathway in the pathogenesis of SAH, especially in the
phase of EBI.

Methods: We reviewed early researches related to autophagy and SAH. The following three
aspects of contents will be mainly discussed: the process of the autophagy pathway, the role of the
autophagy in SAH and the interaction between organelle dysfunction and autophagy pathway after
SAH.

Results: Accumulating evidence shows an increased autophagy reaction in response to early stages
of SAH. However, others suggest inadequate or excessive autophagy activation can result in cell
injury and death. In addition to autophagy, apoptosis and necrosis can occur in neurons simultane-
ously after SAH, leading to mixed features of cell death morphologies. And it is also known that
there is extensive crosstalk between autophagy and apoptosis pathway. Subcellular organelles of
neural cells generally participate in the formation and functional parts of autophagy process.

Conclusion: Autophagy plays an important role in the SAH-induced brain injury. A better
understanding of the interrelationship among autophagy, apoptosis, and necrosis might provide us

better therapeutic targets for the treatment of SAH.
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1. INTRODUCTION

Autophagy, a cell self-digestive and lysosomal degrada-
tion pathway, widely exists in yeast and mammal’s cells [1].
It sequesters the cytosolic components into autophagosomes,
and joins with lysosomes to form autolysosomes [2]. Under
the process of this pathway many cargos are degraded, such
as aggregated or misfolded proteins, damaged organelles,
and intracellular pathogens [3]. Autophagy also executes a
crucial role in balancing sources of energy at critical times in
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cellular growth and in stress-related responses [4]. It had
been shown that autophagy pathway was the essential part
of several central nervous system (CNS) diseases such as
neurodegenerative diseases, brain ischemia [5, 6], myelin
diseases [7], and traumatic brain injury [8].

Subarachnoid hemorrhage (SAH) is a devastating sub-
type of stroke with high risk of neurological deficit and even
death [9, 10]. Research has determined that the complications
after SAH was due to vasospasm, and subsequently research
focused on vasospasm as an important mechanism in SAH
[11]. However, the mortality and clinical outcomes were not
improved by decreasing vasospasm rate in the clinical trials
[12]. Recently, studies have drawn their attention on the
early brain injury (EBI) after SAH, as it is currently being
considered to contribute to the poor outcome of SAH pa-
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tients [13, 14]. The possible mechanisms of EBI include:
raised intracranial pressure (ICP), decreased cerebral blood
flow (CBF) and cerebral perfusion pressure (CPP), blood-
brain barrier (BBB) disruption, brain edema, acute vaso-
spasm, and dysfunction of autoregulation [14-17]. In addi-
tion, pathological events such as inflammation response,
excitotoxicity events, oxidative stress, and ionic homeosta-
sis, have also been proposed in the development of EBI [18].
Nowadays, subcellular organelles dysfunction, such as endo-
plasmic reticulum (ER) stress, mitochondrial damage, and
lysosome activation has become the hot spot of EBI after
SAH [19].

Recently, accumulating evidence has shown that auto-
phagy pathway plays a multifaceted role in the development
of EBI after SAH [20, 21]. Considering the interconnections
between the autophagy pathway and EBI development, the
common process of the autophagy pathway and the role of
autophagy in EBI development after SAH were summarized
in this review. The interaction between organelle dysfunction
and autophagy pathway in the pathogenesis of EBI after
SAH was also reviewed. A circumstantial recognition of
autophagy may provide us a novel therapeutic potential for
SAH treatment.

2. THE PROCESS OF AUTOPHAGY PATHWAY

Autophagy is a cellular degradation process conserved
in the eukaryotic cell [1]. It recycles futile contents by se-
questering long-lived proteins and dysfunctional organelles
into a double-membrane vesicle and delivers them to the
lysosome for digestion [22]. The subtypes of autophagy
can be divided according to the cargo degraded. Generally,
three forms of autophagy are described, which include mac-
roautophagy, microautophagy, and chaperone-mediated
autophagy (CMA) [23]. Among them, the macroautophagy
is the best-characterized type. Under normal circumstances
in the brain, autophagy works at a lower basal level and
executes lots of physiological functions in most cells,
such as intracellular quality control, cell development and
death, immunity inanition, and anti-aging mechanism [24].
Meanwhile, autophagy plays important roles in mediating
the invaluable cellular contents during starvation and partici-
pating in physiological processes of replacing futile organ-
isms and toxic protein after stress response [22, 25]. The
initial steps of autophagy pathway, as phagophores form,
include nucleation and elongation of isolated membranes.
The edges of the phagophore fuse together to constitute a
sealed double-membraned vesicle (autophagosome), which
gathers and sequesters the cytoplasmic material (enclosure).
In the end, the endosomes and lysosomes continuously
integrate with the autophagosomes to form autolysosomes
(maturation and fusion) for degradation [3, 26]. The de-
graded products include amino acid and fatty acid building
blocks [26] (Fig. 1).

The molecular mechanism of autophagy pathway is
closely related with the autophagy-related genes (Atgs) and
their encoded proteins [27]. It has been shown in yeast that
Atgl forms a complex with the product of the Atgl3 and
Atgs including Atgl7, Atg29 and Atg31, which join the
Atgl3:Atgl complex [28, 29]. The mammalian counterpart
of this complex has recently been found, named unc-51-like
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kinase (ULK):Atgl3:FIP200; a 200-kDa focal adhesion
kinase family-interacting protein [30]. The assembly of this
complex completes the beginning step of the autophagy cas-
cade. In the mammalian cell, ULK1 and ULK2 are the two
homologues of Atgl; while the FIP200 is the homologue of
Atgl7. After induction signals, the ULK and FIP200 connect
to the Atgl3 to form a stable complex [30]. This complex is
regulated by nutrition conditions [31]. Meanwhile, a new
mammalian Atgl3 binding protein, Atgl101, also plays a cru-
cial role in initiating autophagy as well as protecting Atgl3
from proteasomal degradation [32, 33].

After the formation of the ULK complex, the class III
phosphatidylinositol 3-kinase (PI3K) complex is the essen-
tial part of vesicle nucleation [34]. In mammals, PI3K com-
plex is composed of vacuolar protein sorting-associated pro-
tein 34 (Vps34), Beclin-1 (a homolog of Atg6), p150 (a ho-
molog of Vpsl5) and Barkor (Beclin-1-associated auto-
phagy-related key regulator) [34, 35]. This complex gener-
ates phosphatidylinositol-3 phosphate (PtdIns) and recruits
additional Atg proteins to the formation phagophore mem-
brane [36]. Beclin-1, a molecular platform, contacts several
special factors, such as UV irradiation resistance-associated
tumor suppressor gene (UVRAG), Atgl4L, Ambral, and Bif-
1 to promote Vps34 activation. Thus, these key regulators act
as Barkor for the formation of autophagosome [34, 37].

Elongation of autophagosome membrane involves two
ubiquitin like conjugation systems, including Atg5—Atgl2
conjugation and protein light chain 3 (LC3)-phosphatidyl
ethanolamine (PE) conjugation [38]. The two ubiquitin-like
reactions share the same activating enzyme, Atg7. In the
Atg5-Atgl2 conjugation, with the assistance of E1 ubiquitin
activating enzyme (Atg7) and E2 ubiquitin activating en-
zyme (Atgl0), Atg5 and Atgl2 are combined into a covalent
complex [39, 40]. Next, the Atgl2-Atg5 conjugation recruits
Atgl6L (mammalian homologue of Atgl6) to form the
Atgl2-Atg5:Atgl6L complex of approximately 800 kDa
which plays an important role in the elongation of phagopho-
res. It also acts as the ligase of the LC3 ubiquitin-like reac-
tion [41]. The Apgl2-Apg5:Apgl6L complex is primarily
needed for the expansion of the isolated membranes, but not
for the initial step of isolated membranes generation [42].
The LC3-PE conjugation involves the evolution of LC3. The
mammalian homologue of yeast Atg8, LC3, is a common
marker of autophagosome formation in mammalian systems
[43]. With the assistance of Atg4, the C-terminus of LC3 is
cleaved to form LC3-I, and LC3-I is subsequently activated
by Atg7 for transferring to the Atg3 (E2 ubiquitin activating
enzyme) to form the LC3-II. In addition, this step also in-
volves the participation of lipid PE [44]. Normally, LC3
seemed to be a critical signal and mediator for membrane
prolonging during the autophagosome formation [45]. Fi-
nally, LC3 connected with Atgl2-Atg5:Atgl6L and subse-
quently join to ULK-PI3K membranes. Meanwhile, Atgl2-
Atg5 and Atgl6L get separated from the membrane after
completion of autophagosome formation, while LC3-II re-
mains on the autophagosome membranes [42].

The autophagosomes maturate by sequentially fusing
with endosomes and lysosomes, acidifying the autophagic
cargos, and recycling metabolites from the lysosomal degra-
dation process [46]. During the autophagosome fusion, some
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Fig. (1). Molecular mechanism of autophagy pathway. The autophagy pathway formation involves several steps: nucleation, elongation,
enclosure, maturation, fusion and degradation. Under the induction of physiological signals, the autophagy cascade initiated from the assem-
bly of unc-51-like kinase (ULK) complex and followed class III phosphatidylinositol 3-kinase (PI3K) formation, which integrate the isolated
membranes. With the assistance of autophagy-related genes (Atgs), two ubiquitin like conjugation systems, Atg5-Atgl2 conjugation and
protein light chain 3 (LC3) -phosphatidyl ethanolamine (PE) conjugation, involved in the expansion of membranes to form the phagophores.
After edges of the phagophore fusing together, the autophagosomes continuously combining with endosomes and lysosomes to form the

autolysomes for degradation.

lysosomal membrane proteins are required, such as GTPase
Rab7, lysosomal-associated membrane protein 1 (LAMP-1),
and LAMP-2; however, the mechanism is vague [47, 48].
After fusion of autophagosomes, some lysosomal/vacuolar
acid hydrolases are also required for autophagosomes degra-
dation including cathepsins B, D and L. Lastly, the products
of autophagosomes degradation are released back into the
cytosol [49].

3. THE REGULATORS OF AUTOPHAGY PATHWAY

There are several signaling pathways in autophagy regu-
lation of mammalian cells. According to the mammalian
target of rapamycin (mTOR), the signaling pathways can be
divided into mTOR dependent and mTOR independent
pathways [50] (Fig. 2).

In the mTOR dependent pathways, there is induction of
nutrients (amino-acids or glucose), energy or several growth
factors. Then, mTOR inhibits autophagy activity through

several upstream signaling pathways, such as PI3K I-Akt
pathway and AMP-activated protein kinase (AMPK) path-
way mTOR inhibits autophagy activity through several up-
stream signaling pathways, such as PI3K [-Akt pathway and
AMP-activated protein kinase (AMPK) pathway [50]. Nor-
mally, mTOR binds several different proteins to form two
distinct mTOR complexes (mTORC), mTORC1 and
mTORC2, which are different in their sensitivity to rapamy-
cin [51]. Under the stimulation of growth factors, PI3K I
promotes protein kinase B (PKB, also named Akt) and leads
to the phosphorylation of plasma membrane lipids [52]. This
mechanism finally activates mTORCI signaling and inhibits
autophagy. However, the overexpression of PKB indirectly
promotes the phosphorylation of tuberous sclerosis complex
(TSC)2 and prevents interaction between TSC2 and TSC1
[52, 53]. The complex of TSC1/2 can facilitate the small
GTPase Rheb to inhibit the mTORCI1 [54]. Another up-
stream regulator of mTORC1, AMPK pathway, suppresses
mTORCI activity while the cell undergoes induction of star-
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Fig. (2). Regulation of the autophagy pathway. Regulation of the autophagy pathway can be divided in mammalian target of rapamycin
(mTOR) dependent pathway and independent pathway. Depending on different composition and structure, there are two mTOR complexes,
mTORCI1 and mTORC2. mTORCI is regulated upon growth factors or starvation or other stress signals. While mTORC2 works via PI3K-
protein kinase B (PKB/Akt) pathway in skeletal muscle cells only when in response to the emergency circumstance; The mTOR independent
regulators involve P53, c-Jun N-terminal protein kinase 1 (JNK1), protein kinase A (PKA), reactive oxygen species (ROS), Ras and Beclinl-

Bcl-2 interaction.

vation or calcium signals. It regulates autophagy pathway by
sensing levels of cellular bioenergetics. In low energy states,
the increasing ratio of AMP/ATP leads to the activation of
AMPK and subsequently inhibits mTORCI through the as-
sistance of TSC1/TSC2 and Rheb protein [55]. mTORC2
regulates autophagy pathway only in the skeletal muscle and
works through Akt pathway when it responds to the emer-
gency circumstance [56].

The mTOR independent pathway may include several
regulators. The cancer suppressor and transcription factor,
p53, plays different roles in the regulation of autophagy
pathway depending on the function location at the subcellu-
lar level [57]. In the cytoplasm, p53 suppresses autophagy
pathway by directly interacting with FIP200 [58]. In the nu-
cleus, p53 promotes transcriptional activation of autophagy-
associated genes to facilitate the autophagy process [59, 60].
p53 also activates AMPK to inhibit mTOR activity and
stimulates the initiation of autophagy [61]. Beclin 1 is a Bcl-
2 interacting protein via its BH3 domain. The interaction
between Beclin 1 and Bcl-2 indirectly suppresses the Beclin
1-dependent autophagy activation through replacement of

association between Beclin 1 and PI3K, hVps34, and p150
[62]. Starvation-induced activation of c-Jun N-terminal pro-
tein kinase 1 (JNK1) may also promote autophagy by disso-
ciating Bcl-2 from the autophagy inhibitory Beclin 1-Bcl-2
complex to abolish their inhibitory effects on autophagy
while indirectly promoting the formation of the Beclin-1—
Vps34 complex [63].

The reactive oxygen species (ROS) can modulate the
autophagy process in the mTOR-independent autophagy
pathways. By ameliorating the ROS level, antioxidant treat-
ment can effectively weaken the autophagy activation [64,
65]. Under oxidative stress, the oxidized Atg4 loses action
on LC3, inhibiting the LC3-PE conjugation [66]. Ras signals
also evolve in the mTOR-independent autophagy pathways
by sensing growth factors [67]. Other studies show that
mammalian protein kinase A (PKA) inhibits autophagy ei-
ther by directly phosphorylating LC3 [68] or by activating
mTORCI1. Additionally, in the downstream of the mTORC,
there are several regulators of autophagy, such as positive
regulator p70S6 kinase or S6K (homologue of Sch9), and
negative regulator death-associated protein 1 (DAP1) [69, 70].
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4. AUTOPHAGY IN SUBARACHNOID HEMORRHAGE

SAH is a disastrous and multisystem disorder of acute
cerebral diseases, which owns complex pathological proc-
esses [71, 72]. It has been recognized that EBI represents the
major cause of morbidity and mortality in SAH progress
[73]. The sudden raised ICP, the decrease of CBF and CPP,
BBB disruption, and brain edema may play critical roles in
the development of EBI [10, 74, 75]. However, the exact
underlying molecular mechanisms during this early period
following SAH are not well understood. Meanwhile, as we
discussed above, the autophagy pathway has been reportedly
activated in many neurological diseases [76-78]. In the SAH
process, the effect of autophagy activation is still controver-
sial (Fig. 3).

The activation of autophagy pathway in neurons in the
acute phase after SAH was presented by Lee and his partners
[79]. They determined that there is a significant increase in
autophagosomes and autolysosomes in the neurons during
the entire phase of EBI (up to 3 days, peak at 24h) in a modi-
fied endovascular perforation rat model of SAH. Addition-
ally, the conversion of LC3-I to LC3-II and the expression of
beclin-1 and Cathepsin-D, an important hydrolytic enzyme
of lysosomes, were also increased along with auto-
phagosomes and autolysosomes. However, the role of auto-
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phagy pathway in SAH-induced EBI was not mentioned in
their study. By injuring blood vessels and causing direct
hemorrhagic brain lesions due to arterial blood pressure, the
endovascular perforation model is more likely to bring hu-
man SAH pathophysiological and histological changes in the
brain. These changes include higher ICP, increased hemo-
globin content, lower CBF, neuronal cell edema, inflamma-
tion, and acute vasospasm [75]. However, it provided little
control over the amount of blood released in the subarach-
noid space, resulting in an experimental model with variable
bleeding. In addition, the mortality after inducing SAH of
this model was almost 50%. In the prechiasmatic blood
injection SAH rat model, which has a controllable amount
of blood, the autophagy pathway was also activated in the
early stages after SAH in rats [21, 80]. The time—course
study showed how autophagy reached at peak at 24 h
and recovered at 48 h following SAH [21]. Application of
Rapamycin (an autophagy inducer targeting at mTOR) and
3-Methyladenine (3-MA) (an autophagy inhibitor targeting
at PI3K complex) to manipulate the autophagy activity, re-
vealed a preferable course with ameliorated brain edema,
higher BBB permeability, and improved clinical behavior
function in the EBI [21]. The activation of autophagy path-
way may play a potential role against the development of
EBI in the rat SAH model.

Chen et al. [20]

Mitochondrial dysfunction
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Fig. (3). Recent findings of autophagy pathway after subarachnoid hemorrhage. This figure summarized the studies on autophagy in suba-

rachnoid hemorrhage.
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The endovascular perforation rat model demonstrated
how autophagy activation reduces translocation of Bax from
cytosol to the mitochondrial membrane to work against the
apoptosis effect [81]. The Mitochondrial pathway was con-
sidered to be involved in autophagy-modulated apoptosis in
EBI after SAH [82]. Following the apoptotic stimuli after
SAH, the outer mitochondrial membrane became permeabi-
lized, and Bax, a Bcl-2 family member, was increased in the
outer mitochondrial membrane, forming a channel to release
cytochrome ¢ into cytosol [83]. Cytoplasmic cytochrome c
caused apoptosome formation and activated caspase-9,
which subsequently resulted in caspase-3 function and fi-
nally led to the activation of cellular apoptosis [84]. Addi-
tionally, melatonin, a powerful pharmacological antioxidant
has been proven to avert brain injury after ischemia and
reperfusion via autophagy induction [85]. In endovascular
perforation rat model, melatonin stimulated autophagy to
ameliorate apoptotic cell death subjected to SAH [86]. This
process also prevents mitochondrial release of cytochrome ¢
to mediate apoptotic cascades. Similarly, ER stress inducer
tunicamycin (Tm) and the inhibitor tauroursodeoxycholic
acid (TUDCA) manipulate ER stress and demonstrate that
enhanced ER stress can also improve neurological deficits
and attenuate the expression of apoptosis [87]. In contrast,
the ER stress inhibitor TUDCA aggravated neurological
deficits and apoptotic cell death. Meanwhile, Histone deace-
tylase inhibitor Trichostatin A (TSA) performs the same ef-
fect as melatonin, ameliorating apoptosis and promoting
autophagy activation in endovascular perforation rat model
[88]. However, the mechanism of autophagy activation by
TSA still remains unclear. It may be through promoting the
Beclin 1 transcription and expression to increase the activa-
tion of autophagy. Other pathways and mechanisms they did
not find may also be involved, and the underlying molecular
mechanism of suppressing neuronal apoptosis is not clarified
in their study [88].

Cystatin C (CysC) is a cysteine protease inhibitor which
has been proven to have therapeutic implications on brain
ischemia and neurodegenerative disorders [89]. In accor-
dance with the results of autophagy function in prechias-
matic blood injection models, the effects of exogenous CysC
on EBI were investigated after the SAH burst [89]. The
group under treatment of CysC with low and medial concen-
trations had a lower degree of EBI compared with other
groups. Autophagosomes, autolysosomes, LC3, and beclin-1
significantly increased in the cortex 48h after SAH, while
the moderate CysC concentration effectively up-regulated
these autophagic factors. However, the high-dose therapy
may unfortunately result in a toxic outcome in the brain of
SAH rats [89]. A recent study demonstrated the protective
role of CysC under neuronal stress by inhibiting mTOR to
promote autophagy, and how the neuroprotective effects can
be prevented by inhibiting autophagy through beclin-1 siRNA
or 3-MA [90]. Interestingly, another study [91] found that
CysC also ameliorates a degree of vasospasm by promoting
autophagy activation in cisterna magna blood injection rat
model. Despite these findings, the exact anti-vasospasm
mechanisms of autophagy remain unknown. Furthermore, a
recent study showed that Tert-butylhydroquinone (tBHQ), a
commonly used nuclear factor erythroid 2-related factor 2
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(Nrf2) activator, significantly enhanced autophagy activa-
tion, decreased neuronal degeneration by apoptotic and im-
proved the neurological score after SAH in rats. Enhanced
autophagy and restoration of the apoptotic regulatory pro-
teins (Bcl-2, Bax and cleaved caspase-3) were explored at 24
h after tBHQ treatment [92].

It should be noted that the autophagy may play a poten-
tial role in endothelial cells of the brain vessels following
SAH. Brain endothelial cells injury after stress induction is
the initial phase of BBB disruption and brain edema [93].
Recently, some evidences suggested that the moderate auto-
phagy acts a beneficial role on endothelial protection after
stress induction [94-96]. However, the autophagy effect on
the endothelial cells after SAH needs to be further studied in
the future.

5. SUBCELLULAR ORGANELLES CHANGES OF
AUTOPHAGY IN SUBARACHNOID HEMORRHAGE

The primary subcellular organelles of neural cells include
the nucleus, lysosomes, ER, mitochondria, ribosomes, and
Golgi body. The functional alterations of subcellular organ-
elles in the CNS cells may lead to pathogenesis of the SAH.
In the past, several experimental studies have demonstrated
that the nucleus, ER, mitochondria, and lysosomes interact with
autophagy pathway in the development of SAH [19] (Fig. 4).

The nucleus, a membrane-enclosed organelle functions as
the control center of neural cells. It maintains the integrity of
genes and controls the activities of the cell by regulating
gene expression [97]. Three key regulators were activated in
the nucleus after the SAH, including Nrf2-antioxidant re-
sponse element (ARE) pathway, NF-«kB signaling, and Hy-
poxia-Inducible Factor (HIF)-1. The Nrf2-ARE pathway
maintains cellular homeostasis via antioxidant defense which
alleviates EBI and vasospasm after SAH [98, 99]. It was
documented in cancer biology that Nrf2 was observed to
take apart in Nrf2/Keap-1-mediated oxidative autophagy
[100], but its role in the brain was poorly studied [101].
However, a recent study revealed that tBHQ treatment ame-
liorated EBI after SAH in Nrf2-deficient mice by enhancing
autophagy activation [92]. The mechanisms of Nrf2 involved
autophagy after SAH require further clarification for com-
plete understanding.

As for the lysosome, a cytoplasmic membrane-enclosed
organelle, it works as the terminal proteolytic compartment
in the cells. With the assistance of different hydrolytic
enzymes, it degrades macromolecules by endocytosis,
phagocytosis, and autophagy [102]. In the last link of auto-
phagy pathway, the lyosomes fuse with autophaosomes to
form autolyosomes to degrade all the cargo that auto-
phaosomes captured [103]. It is important to note that the
permeabilization of lysosomes would be unstable and lead to
the releasing of hydrolytic enzymes into the cytoplasm while
under the situation of oxidative stress after SAH [104]. This
pathological change would trigger the lysosomal pathway of
apoptosis through cleavage of the pro-apoptotic Bel-2 family
member Bid and the degradation of the anti-apoptotic Bcl-2
members such as Bcl-2, Bel-xL, and Mcl-1 [104]. Overacti-
vation of autophagy may also lead to this apoptosis pathway
through lysosomal destabilization by accumulation of en-
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Fig. (4). Subcellular organelles alteration with autophagy pathway in pathophysiology of subarachnoid hemorrhage. After subarachnoid
hemorrhage (SAH) burst, the interaction between subcellular organelles alterations (nucleus, lysosomes, endoplasmic reticulum and mito-
chondria) and autophagy pathway contributes to pathogenesis of the SAH. These subcellular organelles interact with autophagy pathway via
autophagy regulation, autophagy formation, signal transmission and subcellular organelles quality control.

larged and unstable acidic vesicles [105, 106]. However,
to find whether there are other mediators in SAH-induced
autophagy that can monitor lysosomal pathway of apoptosis
or lysosomal degradation processes deserves further investi-
gation.

The ER is involved in the autophagy pathway by way of
activation and formation, as autophagosomes are generated
or in close proximity to the ER [107]. Under pathophysi-
ological insults, dysfunction of ER results in the accumula-
tion of unfolded or misfolded proteins in the lumen of ER,
which activates ER stress [108]. ER stress stimulates auto-
phagy by removing detrimental components of cytoplasm
and serving a beneficial role for cell survival [109]. As men-
tioned above, ER stress can also alleviate early brain injury
following SAH via the inhibition of apoptosis [87]. How-
ever, the mechanism of how ER stress activates autophagy
pathway and promotes neuroprotection remains to be ex-
plored in the future. Despite moderate levels of autophagy,
ER stress predominantly acts as a pro-survival pathway in
the cell [110, 111]. Other studies argued that excessive ER
stress or autophagy might promote cell injury and death
[112,113].

The mitochondria is a double-membrane organelle highly
correlated with energy generating in most eukaryotic cells,
and is also critical for the functioning of autophagy [5].
Outer stress leading to mitochondrial dysfunction may bring
a series of awful consequences, such as collapse of the mito-
chondrial membrane, disorder of transmembrane product
transport, outflow of matrix calcium. It results to overpro-
duction of ROS and releasing of apoptogenic proteins [114,
115]. As noted, the mitochondrial pathway is considered to
be involved in autophagy-modulated apoptosis in EBI after
SAH [82]. Autophagy activation has been shown to reduce
Bax transport to the mitochondrial membrane which is able
to work against cytochrome ¢ leaving the mitochondria to
activate apoptosis [81]. In addition, this pathologic alteration
can induce mitophagy, a special type of macroautophagy, to
regulate mitochondrial number to match metabolic demand
and is responsible for quality control and removing damaged
mitochondria [116]. Voltage-dependent anion channel 1
(VDACI1) induced mitophagy following SAH injury may
take part in neuroprotection by attenuation of the apoptotic
and necrositic molecular pathways [117]. ROS produced by
damaged mitochondria could directly regulate the formation
of autophagosomes [118]. By applying VDCA1, mitochon-
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dria actively contributed to the autophagic response in the
prechiasmatic blood injection SAH rats model through pro-
viding proautophagic ROS, which contributed to autophagic
formation and elongation products (LC3) and avoided
autophagic degradation (mitophagy). In another study about
mitochondria dysfunction after SAH, abnormal autophagy
flux synergistically took part in SAH pathogenesis [20].
They found that a new pharmacological agent, Epigallocate-
chin-3-gallate (EGCG) can act on the mitochondria and alert
the autophagy pathway in SAH therapy. EGCG is the main
biological activator of tea catechin, a beneficial treatment for
CNS diseases [20, 119, 120]. EGCG protects mitochondrial
function after SAH and restores the abnormal autophagy flux
which can then eliminate dysfunctional mitochondria and
prevent EBI from progressing. After EBI in SAH, the accu-
mulation of damaged mitochondria leads to autophagic flux,
but excessive autophagosomes might not be parallel with
normal autophagy activity, and overwhelmed and dysfunc-
tional mitochondria continuously lead to autophagosome
accumulation with the loss of autophagosomes maturation
(autolysosomes) [20]. EGCG can up-regulate the Atg5,
Becn-1, and LC3-II expression and eliminate auto-
phagysomes from autolysosomes in a timely and complete
manner [20, 121]. Taken together, considering the participa-
tion of mitochondria, mitochondrial autophagy pathway
should be also studied in the future to help us better under-
stand SAH pathogenesis.

FUTURE DIRECTIONS AND CONCLUSION

SAH is a complicated and multifaceted disease with high
mortality and morbidity. In conjunction with loose transla-
tional research, without knowing details of the SAH patho-
logical process, the path to finding effective and clinically
applicable targeted therapies remains slow for this devastat-
ing disease. The autophagy pathway has shown to play a
crucial role in the pathogenesis of many CNS diseases [7].
Also, the significance of autophagy pathophysiology of SAH
has been highlighted. Accumulating evidences show an in-
creased autophagy reaction in response to early stages of
SAH. However, others suggest that inadequate or excessive
activation of autophagy can result in cell injury and death
[113]. In addition to autophagy, apoptosis and necrosis can
occur in neurons simultaneously after SAH, leading to mixed
features of cell death morphologies. Moreover, it is also
know that there is extensive crosstalk between autophagy
and apoptosis pathway [122]. Subcellular organelles of neu-
ral cells generally participate in the formation and functional
parts of autophagy process [19]. Thus, future investigation
should be focused on integration of both the pathways rather
than examining them separately. Also, a better understanding
of the interrelationship among autophagy, apoptosis, and
necrosis might provide us better therapeutic targets for the
treatment of SAH.
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